Introduction
Diamond found a wide application in modern science and technology due to its unique properties, such as extreme hardness, a high thermal conductivity, a wide band gap, a high carrier mobility, good biocompatibility, etc. However, it is non-resistant to oxidation and reactive with ferrous metals. The growing demand for advanced superhard materials in cutting and shaping hard metals and ceramics have stimulated the search for novel superhard phases that are more thermally and chemically stable than diamond.
Cubic boron nitride is a superhard phase which ranks second after diamond in terms of its use in superabrasive industry. 1 Since all known binary compounds of the B-N system show higher resistance to oxygen and ferrous metals than similar carbon materials, the superhard B-N phases are expected to combine advanced mechanical properties and high thermal and chemical stability.
Understanding the fundamental principles of phase formation in the B-N system requires the * E-mail: vladimir.solozhenko@univ-paris13.fr construction of corresponding phase p-T diagram which is of utmost importance in discovering and synthesizing new advanced superhard materials. ).
In the present work phase relations in the B-BN system have been studied using ex-situ and in-situ experiments at pressures up to 20 GPa and temperatures up to 2800 K. The thermodynamic analysis based on the experimental data obtained allowed us to construct equilibrium phase diagrams of the system at pressures from ambient up to 24 GPa.
Methods
High-pressure experiments in the 2-8 GPa range have been performed using a toroid-type apparatus with a specially designed high-temperature cell. 16 Experiments in the 8-20 GPa range have been carried out using 10 MN LPR 1000-400/50 Voggenreiter press with Walker-type module and twostage multianvil system with 6-rams LPQ6-2400-100 Voggenreiter press. The pressure and temperature have been either directly measured (thermocouples, pressure standards, equation-ofstate cross-calibration) or estimated from previously obtained calibration curves for each highpressure apparatus. After isothermal holding time of 30-600 s at desired pressure and temperature the samples were either quenched by switching off the power or stepwise cooled down to room temperature, and slowly decompressed down to ambient pressure. In some experiments appearance of a liquid phase upon heating was detected in situ by electrical resistance measurements using the method described earlier.
17
Synchrotron X-ray diffraction in-situ experiments at pressures 4-6 GPa and temperatures up to 2650 K have been performed using MAX80 multianvil system at F2.1 beamline, DORIS III (DESY). The experimental setup is described elsewhere. 18 Boron nitride (grade AX05, SaintGobain) capsules were used to isolate the reaction mixture from the graphite heater. Energy-dispersive X-ray diffraction data were collected on a Canberra solid state Ge-detector with fixed Bragg angle  = 4.555(3)º using a white beam collimated down to 100×60 m 2 . The sample temperature was measured by Pt10%Rh-Pt or W5%Re-W26%Re thermocouple. The correction for the pressure effect on a thermocouple electromotive force was made using the data of Li et al. 19 Above 2200 K the power -temperature calibration curve was linearly extrapolated to the hightemperature region up to 2800 K. Pressures at different temperatures were found from the thermoelastic equation of state of highly ordered (P 3 = 0.98  0.02) graphite-like hexagonal boron nitride. 20 The samples recovered from high-pressure experiments have been studied by powder X-ray diffraction (Equinox 1000 Inel diffractometers; Cu Kα and Co Kα radiation), high-resolution scanning electron microcopy (Carl Zeiss Leo Supra 50VP, Hitachi SU8010 and JEOL JSM-6700F), and energy-dispersive X-ray analysis (SDD X-Maxn EDX system, Oxford Instruments). X-ray diffraction patterns have been analyzed using Powder Cell software. 21 Thermodynamic calculations of phase equilibria in the B-BN binary system at ambient and high pressure have been carried out from our experimental and literature data in the framework of the phenomenological thermodynamics using Thermo-Calc software. 22 The liquid phase was described using the subregular solution model, 23 and solid phases -in the framework of the Compound Energy Formalism (CEF). Melting of rhombohedral boron subnitride B 13 N 2 at pressures up to 8 GPa has been in-situ studied using synchrotron X-ray diffraction and electrical resistivity measurements. 11 The melting curve exhibits positive slope of about 30 K/GPa (see Fig. 3 ), which points to a lower density of the liquid phase as compared to solid B 13 In some rapid (by switching off the power) quenching experiments tetragonal boron subnitride B 50 N 2 was synthesized in a mixture with another phase of the same composition, tetragonal B 48 B 2 N 2 that was previously synthesized at ambient pressure. 27 The structure of B 48 B 2 N 2 was described earlier by Will and Kossobutzki Hypothetical α-rhombohedral-boron-like boron subnitride B 38 N 6 predicted from first principles 29 was never observed in our experiments, even below 7.5 GPa i.e. in the pressure range where it was claimed to be the only thermodynamically stable boron subnitride. All this clearly illustrate the limitations of the first-principles approach in the case of boron-rich solids, especially under pressure. Thus, only thermodynamic approach based on real phase relations from experimental data allows constructing equilibrium phase diagrams of systems containing boron.
Thermodynamic calculations of phase equilibria in the B-BN binary system have been performed based on our experimental and literature data from ambient pressure to 24 GPa with 0.5 GPa-steps.
Thermodynamic data of boron allotropes, hBN and cBN were taken from. 2, 3, 6 Molar volumes (V 0 ), bulk moduli (B), their first pressure derivatives (B), and volume thermal expansion coefficients (α v ) for liquid phase, -B 106 , -B 28 and t-B 52 were taken from 2, 31 , for hBN and cBN -from 18, 32, 33 , and for B 50 N 2 and B 13 N 2 -from 10, 12, 34 . Pressure dependencies of molar volumes were represented using the Murnaghan approximation. 30 The molar volume of the liquid phase was described by the equation: Nitrogen and boron atoms are presented in red and green, respectively. 
